Somatic mosaicism, the occurrence and propagation of genetic variation in cell lineages after fertilization, is increasingly recognized to play a causal role in a variety of human diseases. We investigated the case of life-threatening arrhythmia in a 10-day-old infant with long QT syndrome (LQTS). Rapid genome sequencing suggested a variant in the sodium channel Na V 1.5 encoded by SCN5A, NM_000335:c.5284G > T predicting p.(V1762L), but read depth was insufficient to be diagnostic. Exome sequencing of the trio confirmed read ratios inconsistent with Mendelian inheritance only in the proband. Genotyping of single circulating leukocytes demonstrated the mutation in the genomes of 8% of patient cells, and RNA sequencing of cardiac tissue from the infant confirmed the expression of the mutant allele at mosaic ratios. Heterologous expression of the mutant channel revealed significantly delayed sodium current with a dominant negative effect. To investigate the mechanism by which mosaicism might cause arrhythmia, we built a finite element simulation model incorporating Purkinje fiber activation. This model confirmed the pathogenic consequences of cardiac cellular mosaicism and, under the presenting conditions of this case, recapitulated 2:1 AV block and arrhythmia. To investigate the extent to which mosaicism might explain undiagnosed arrhythmia, we studied 7,500 affected probands undergoing commercial gene-panel testing. Four individuals with pathogenic variants arising from early somatic mutation events were found. Here we establish cardiac mosaicism as a causal mechanism for LQTS and present methods by which the general phenomenon, likely to be relevant for all genetic diseases, can be detected through singlecell analysis and next-generation sequencing.
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mosaicism | arrhythmia | genomics | computational modeling | single cell T here is growing recognition that somatic mosaicism, i.e., genetic variation within an individual that arises from errors in DNA replication during early development, may play a role in a variety of human diseases other than cancer (1) . However, the extent to which cellular heterogeneity contributes to disease is minimally understood. One report suggests that 6.5% of de novo mutations presumed to be germline in origin may instead have arisen from postzygotic mosaic mutation events (2) , and recent genetic investigations directly interrogating diseased tissues in brain malformations, breast cancer, and atrial fibrillation have revealed postzygotic causal mutations absent from germline DNA (3) (4) (5) (6) . Pathogenic mosaic structural variation is also detectable in children with neurodevelopmental disorders (7). However, a consequential category of genetic variation has not been surveyed systematically in clinical or research studies of other human diseases.
The pathophysiological basis of long-QT syndrome (LQTS) is prolongation of cardiac ventricular repolarization by acquired factors such as drug exposure or genetic variation in the proteins controlling transmembrane ion-concentration gradients (8, 9) ; parental gonadal mosaicism is an infrequently described phenomenon in LQTS (10) (11) (12) . Knowledge of the molecular subtyping of disease in LQTS has provided a foundation for genotype-specific risk stratification and treatment strategies (8, 9,
Significance
Most genetic studies and clinical genetic testing do not look for the possibility of mosaic variation. The genetic form of long-QT syndrome (LQTS) can result in life-threatening arrhythmias, but 30% of patients do not have a genetic diagnosis. We performed deep characterization of a mosaic variant in an infant with perinatal LQTS and developed a computational model showing how abnormal cellular repolarization in only 8% of heart cells may cause arrhythmia. Finally we looked at the prevalence of mosaicism among patients with LQTS; in a population of 7,500 individuals we found evidence of pathogenic early somatic mosaicism in approximately 0.17% of LQTS patients without a genetic diagnosis. Together these data establish an unreported mechanism for LQTS and other genetic arrhythmias. 13, 14) . However, nearly 30% of probands remain undiagnosed using standard commercial gene-panel testing, suggesting there is unrecognized genetic variation (genic, regulatory, or otherwise) yet to be associated with disease (15) .
In its most severe form, LQTS may occur in the neonatal period with bradycardia and functional 2:1 AV block that occur secondary to a severely prolonged ventricular refractory period greater than the short R-R interval characteristic of a normal heart rate in infancy (16) . Patients of all ages presenting with LQTS are predisposed to torsades de pointes (TdP), a lifethreatening cardiac arrhythmia, with patients presenting in infancy showing particularly poor outcomes (13, (16) (17) (18) . In this study, we applied rapid-turnaround whole-genome sequencing (WGS) on day of life (DOL) 3 in a premature infant with perinatal LQTS and life-threatening arrhythmia and investigated the contribution of a discovered mosaic variant to abnormal cardiac electrophysiology at the molecular and tissue levels. Additionally we surveyed 7,500 individuals already tested for genetic arrhythmias, allowing us to estimate the prevalence of mosaicism in an unbiased population sample.
Results
Deep Sequencing Identifies Mosaic Variation in SCN5A in an Infant with a Prolonged QT Interval and Arrhythmia. A near-term 2.5-kg female infant of Asian ancestry with prenatally diagnosed 2:1 AV block was delivered by caesarean section at 36-wk gestation. At 1 h of life the infant developed intermittent 2:1 AV block with multiple episodes of TdP with a corrected QT interval (QTc) of 542 ms ( Fig.  1 ), which were relieved by placement of a dual-chamber epicardial implantable cardioverter/defibrillator (ICD) accompanied by a bilateral stellate ganglionectomy. A standard commercially available genetic panel for LQTS was sent on DOL 1 (13, 17) , and WGS was performed on DOL 3. At 6 mo of age the patient developed dilated cardiomyopathy and subsequently received an orthotopic heart transplant.
WGS yielded a 39.76 mean read depth, and coverage across the coding regions of known LQTS and dilated cardiomyopathy (DCM) genes was 99.93% at 10× or greater (Table S1 ). The rapid RTG pipeline detected a mutation in the 28th exon of the voltage-gated sodium channel Na V 1.5 encoded by SCN5A NM_000335: c.5284G > T, which predicts p.(V1762L) within the alpha subunit of Na V 1.5, which was not present in the two additional call sets originating from Burrows-Wheeler Aligner (BWA)/ Genome Analysis Toolkit (GATK) or Issac (Issac Genome Alignment Software and Variant Caller) pipelines. All three pipelines detected rs41261344, a polymorphism in SCN5A common in Han Chinese NM_000335: c.3575G > A, which predicts p.R1193Q (22) .
Given the discrepant results between the WGS pipelines, we performed Sanger sequencing of PCR amplicons derived from proband blood and saliva that did not show the T allele coding for the p.(V1762L) mutation. Inspection of raw reads and Sanger electropherograms suggested a low abundance of the mutant T allele (eight reads) compared with the G allele (26 reads) (Fig. 2) . Because the reads supporting the 23.5% mutant allele fraction displayed good sequence quality and were without evidence of strand bias, and because manual inspection and remapping of the mutant reads confirmed their optimal mapping to SCN5A despite the paralogous evolutionary relationship of SCN5A to other ion channels, we elected to perform exome sequencing of the family trio using a second proband blood sample and saliva samples from each parent. Deep augmented exome sequencing confirmed the presence of the T allele uniquely in the proband sample at a ratio of 17 mutant T allele reads to 210 G allele reads, a mutant allele fraction of 7.5%. Deleterious variation in the SCN5A gene is associated with a spectrum of interrelated cardiac disorders including LQTS and DCM (23, 24) , and no additional Mendelian or somatic variants causative for LQTS or cardiomyopathy were discovered on exome sequencing or WGS (SI Methods and Table S2 and Table S3 ).
The V1762L Channel Displays Profoundly Abnormal Late Sodium
Current with a Dominant Effect. The valine residue 1762 occurs within a highly conserved transmembrane helix of Na V 1.5. In a previously reported case of perinatal LQTS, a methionine mutation caused by a single-nucleotide variant at the identical genomic position (rs199473631, c.5284G > A predicting p.V1762M) showed a late sustained sodium current (I Na ) and rapid recovery from inactivation compared with the WT channel (25) . In representative whole-cell I Na recorded from human tsA201 cells, the V1762L mutant channel exhibited delayed I Na inactivation compared with the WT channel and resulted in the expression of a large late I Na (Fig. 3A) . Full inactivation of the I Na within a 220-ms interval, as seen in the WT and R1193Q channels, was not observed in the V1762L channel (Fig. 3B) , and the late I Na was significantly greater than in WT channels [0.92 ± 0.06% (SEM) of peak I Na , n = 6 versus 0.03 ± 0.02% of peak I Na ; n = 6, respectively; P < 0.001] (Fig. 3C) . The persistent late I Na seen in the V1762L construct was unchanged when cotransfected with either WT SCN5A or the common R1193Q variant channel, suggesting a dominant effect of V1762L on the action potential (Fig. 3C ). The abnormal inactivation observed for the V1762L construct is expected to be particularly severe because it combines both a slowed time course of inactivation and large non-inactivating I Na . The R1193Q variant did not exhibit a functional defect compared with WT channels, as is consistent with its predicted role as a benign or weakly modifying common variant. The profoundly abnormal late I Na displayed by the V1762L construct in vitro is strongly consistent with the pathogenic mechanism of LQTS.
Mosaicism of the p.(V1762L) Variant Is Present in Multiple Tissues and
Is Expressed in Cardiomyocytes. To verify the mosaicism of p.(V1762L) at the single-cell level, individual peripheral blood mononuclear cells from a third blood draw were isolated, lysed, and genotyped with a custom assay following whole-genome amplification. We detected the p.(V1762L) variant in amplified DNA from 3 of 36 isolated cells (Fig. 4A) . Direct Sanger sequencing of cloned PCR products derived from these single cells confirmed the genotyping assay (Fig. 4A, Inset) . We repeated the TaqMan genotyping assay in standard fashion on proband and parental DNA and again detected the T allele uniquely in the proband sample only (Fig. 4B) .
The timing of a mutation event during early embryogenesis would significantly affect the abundance and tissue lineages of clonal subpopulations of cells containing a variant. To determine when the mutation event occurred and to quantify the extent of mosaicism directly, we performed next-generation sequencing of PCR amplicons derived from proband DNA sources representing cellular lineages originating from the three primordial germ layers: blood (mesoderm), urine (endoderm), and saliva (endoderm and ectoderm). Tissue representing all three lineages revealed that the T allele comprised 7.9-14.8% of all high-quality reads and was absent from parental samples (Fig. 4C) ; a quantitative PCR (qPCR) genotyping assay confirmed the presence of the T allele uniquely in all proband DNA samples (Fig. S1) . The presence of the allele in all primordial germ layers suggested that the mutation occurred during the cell divisions expanding the blastocyst before gastrulation and that the presence of the mutation was not limited to hematopoietic derivatives. To confirm this finding, two separate ventricular myocardial samples were obtained at the time of heart transplant; RNA sequencing revealed expression of the mutant allele in 5.4-11.8% of all SCN5A transcripts (Fig. 4D) . The average late I Na conducted by V1762L was significantly greater than that in WT (0.92 ± 0.06% of peak I Na , n = 6, versus 0.03 ± 0.02% of peak I Na , n = 6, respectively; *P < 0.001). No late I Na was seen with the R1193Q mutation. The V1762L construct exerted a strongly dominant effect when cotransfected with either the WT channel (V1762L + WT) or R1193Q mutant (V1762L + R1193Q), maintaining a profoundly abnormal late I Na . and negative cell (C7) are identified for the purposes of Sanger sequencing of cloned PCR products, respectively confirming the presence and absence of the mutant T allele (Inset). For each axis, the ΔRn value represents the magnitude of the signal generated from annealing of the allele-specific fluorescent probe to either the mutant or the WT allele relative to a signal generated from a passive reference dye during PCR amplification. (B) qPCR genotyping of DNA from proband blood, proband saliva, and parental saliva demonstrates the presence of the T allele only in proband samples. (C ) Resequencing of PCR amplicons from four separate proband and both parental samples demonstrates that the frequency of the mutation is similar in proband blood (7.9%), urine (9.1%), and saliva (14.8%) samples, but the mutation is absent in both parental samples. (D) RNA sequencing of patient heart samples from the left and right ventricles identifies SCN5A reads containing the mutant allele. (Fig. 5A) . With the three models of cellular distribution (WT, diffuse mosaic, clustered mosaic), the simulations showed six distinct ventricular activation regimes resulting from the 81 different pacing sequences tested (Fig. 5B) . Highly arrhythmogenic behavior (i.e., 2:1 block with or without left bundle branch block, LBBB) was observed for the majority of pacing sequences in both the diffuse mosaic model (in which arrhythmogenic behavior was observed for 79% of pacing configurations) and the clustered mosaic model (in which arrhythmogenic behavior was observed in 80% of pacing configurations) but never in the WT model (Fig. 5C) . Notably, pacing sequences with coupling intervals within the physiological range for resting neonatal heart rates (400-to 600-ms cycle length; black boxes in Fig. 5C ) led to 2:1 block in 48% of the simulations conducted with the diffuse mosaic model and in 52% of the simulations conducted with the clustered mosaic model. For the same pacing sequences, no instances of conduction block or LBBB were observed in the WT model.
Early Somatic Mosaicism Is Detectable in Patient Populations with
LQTS. Having established a plausible mechanism by which a percentage of cells with abnormal late I Na might significantly alter the cardiac action potential, we sought to determine more broadly the prevalence of early somatic mosaicism among individuals with a genetic arrhythmia. We looked for evidence of mosaicism among a group of 7,500 samples submitted to a commercial testing company for one or more next-generation sequencing panel tests for genetic arrhythmias (up to 30 genes tested). Among the 7,500 individuals, four affected individuals, i.e., 0.05% of all cases, displayed apparent mosaicism within a gene causing LQTS. In studies of panel genetic testing, a causal genetic variant is typically identified in ∼70% of individuals undergoing genetic testing for genetic arrhythmia, leaving 30% without a diagnosis (15); our results suggest a prevalence of mosaicism in ∼0.17% of undiagnosed cases. Of the four individuals with mosaic variants, one was an infant, and none displayed another Mendelian LQTS variant that explained the arrhythmia phenotype. Three additional individuals with pathogenic mosaic variants in LQTS genes appeared to be founders, because they were identified when undergoing family testing for an affected relative with a Mendelian LQTS variant. These data confirm that early somatic mutation events occurring before gastrulation are a relatively uncommon occurrence and that early mosaicism represents a rare but recurrent cause of genetic arrhythmias.
Discussion
Although LQTS has long been considered a Mendelian disorder, deep characterization of a single patient and population-scale data suggest that early somatic mosaicism is a rare cause of human arrhythmias. Here we present an integrative computational simulation of the cardiac action potential that illustrates a pathogenic mechanism by which mosaicism within the specialized conducting tissue alters the predisposition to arrhythmia; this mechanism is missing from previous reports of other arrhythmias caused by somatic mosaicism (3, 6) . Together these data link a small amount of cellular heterogeneity to disordered cardiac rhythm.
To explore the fundamental mechanism by which a profound derangement in a small percentage of cells within the heart might cause a severe phenotype, we developed an organ-level computational simulation of the cardiac action potential integrating mosaicism at the cellular level with generic representations of an infant-sized heart. Given the absence of primary electrophysiological data from neonatal human cardiomyocytes, the parameters Representative action potential sequences from the His bundle and the left/right bundle branches (LBB and RBB) for the six distinct activation regimes observed in response to different pacing protocol configurations: no blocked sinus beats; single blocked beat (i.e., no 2:1 block), without or with LBBB; LBBB with no blocked beats; and 2:1 block without or with LBBB. In cases with LBBB, action potential onset in the LBB was delayed (rightward shift), and late excitation of the His bundle caused by retrograde conduction was observed as a bump during repolarization. Fig.  S2B shows the exact Purkinje locations from which action potential traces were extracted. (C ) Summary of outcomes for all 243 unique simulations (81 pacing sequences in three models); the color of each entry corresponds to one of the activation regimes in B. Black boxes highlight the range of coupling intervals associated with the normal resting sinus rate for human infants.
for ion flux do not account for immature calcium handling unique to newborn cardiac physiology.
Nevertheless, the finite model simulation suggested that somatic mosaicism within the Purkinje system can lead to abnormal electrophysiological propagation consistent with LQTS, offering a potential explanation for the development of an arrhythmia-prone substrate. Previous computational and experimental work has also suggested that the Purkinje system may play a primary role in arrhythmias related to LQTS (26, 27) . Our simulations demonstrated significantly prolonged action potential duration resulting from increased late I Na (Fig. S3) , which increased the propensity for block occurring in the Purkinje system. Both the diffuse and clustered mosaic models showed 2:1 AV block at physiological heart rates observed in the infant and are consistent with the clinical observation of immediate improvement in cardiac conduction parameters with dual-chamber pacing. When combined with the clinical and genetic observations, the simulation data provide additional support for the pathological role of the Purkinje system in arrhythmias and suggest a mechanism by which even a small amount cardiac mosaicism may result in clinically significant arrhythmia.
The association of early somatic mosaicism with LQTS adds to the developing framework describing the contribution of postzygotic mutations to human genetic variation. In a recently proposed model of human germline mutation rates derived from exome sequencing of a large autozygous population, the contribution of postzygotic mutations to germline mutation rates was below the threshold of detection (28) . In an alternative empirical approach tracing the origin of de novo mutations in 50 trios undergoing WGS, only 0.1% of de novo mutations were derived from low-level parental gonadal mosaicism (2) . However, in the same study, 6.5% of presumed de novo mutations displayed allelic imbalance, suggesting a postzygotic mutation event (2) . Modeling of postzygotic mutation rates in a third family-based study suggests different rates over the course of embryonic development and postnatal life, with mutation rates peaking during the rapid cell divisions underlying organogenesis following gastrulation (29) . Although the prevalence of mosaic variation in our population-based sample of 7,500 individuals appears relatively low, at 0.05%, this conservative estimate accounts only for the detection of early mutation events occurring in all tissues throughout the body (and thus detectable in blood or saliva) during approximately the first four postzygotic cell divisions. To ascertain the possibility of disease-causing tissue-specific mutation events occurring later during development, when mutation rates may be higher (29) , systematic surveys of DNA obtained directly from diseased tissues or cell-free DNA are necessary.
Conspicuously, the commercial gene-panel test for this patient returned a negative result, and somatic mutations of relatively low abundance are not universally reported by commercial gene-panel testing. For detection of early mosaic mutation events (occurring during the 10 cell divisions after fertilization before gastrulation), the count of individual molecules derived from next-generation sequencing-by-synthesis chemistries enables a simple likelihood estimation of the underlying allelic balance. The observation of exactly 8 of 34 (23.5%) variants containing reads from a heterozygous locus (Fig. 2) was strongly suggestive of an underlying imbalance of alleles (Fig. S4) . When tuned to detect mosaicism, simple analytical schema based on the binomial distribution are adaptable to sequencing reads from gene-panel, exome, or whole-genome tests to detect mutations present in all tissues arising from early somatic mutation events. Although secondary confirmation has previously been the gold standard for confirming mosaicism, next-generation sequencing technologies are fundamentally more sensitive than Sanger sequencing in the detection of low-level mosaicism (2, 30) . The accuracy of likelihood estimates and thus the sensitivity for detecting mosaicism in next-generation sequencing are related directly to the number of reads, thus strongly supporting the use of higher read-depth sequencing for clinical and research studies focused on detecting novel variants.
The discovery of a mosaic SCN5A variant affirms that rapid genetic diagnosis of neonatal disease by WGS may offer an alternative to standard gene-panel testing (31) (32) (33) . In our view, rapid comprehensive genetic testing (WGS or whole-exome sequencing) should be used as a primary diagnostic inquiry in infants with life-threatening illness of unclear or suspected genetic etiology. Although the sensitivity and specificity for Mendelian variation have been the focus of applied and technical reports of clinical WGS (31, 34, 35) , the discrepant results of the three WGS pipelines suggest that the predictive characteristics of WGS for somatic mosaicism are dependent on the informatics strategies used. Guidelines for detecting, confirming, and reporting mosaic variants in genes causing Mendelian disease in genetic diagnostics have yet to be addressed by professional organizations (36) (37) (38) .
In summary, for a single case of perinatal LQTS we conclude that a mosaic variant, p.(V1762L), is pathogenic, demonstrating abnormal late I Na , low-level mosaicism in multiple tissues throughout the body, and expression in cardiac tissue. A computational model of disease suggested a clear mechanism of pathogenesis linked to mosaicism in the conduction tissue. Finally, we show that early somatic mosaicism displays a low-level prevalence at a population scale. These data illustrate that somatic mosaicism represents a mechanism by which causal variation is missed in studies of genetic disease such as LQTS. However, our estimates of the prevalence of somatic mosaicism are limited to ascertaining early mutation events detectable in blood or saliva; events occurring later in development that are detectable only within cardiac tissue may constitute additional, as yet unmeasured genetic risk for LQTS. More broadly, our findings exemplify how careful scrutiny of WGS data and computational modeling of a single patient may serve as the foundation for new insights into human pathophysiology; such deep explorations will form the heart of precision medicine as applied to cardiovascular disease (39) .
Methods
Genome sequencing was performed by Illumina Corporation, and exome sequencing, targeted sequencing, and RNA sequencing were performed by Personalis, Inc. Cellular patch-clamp measurements of I Na were performed in human tsA201 cells using an Axoclamp 200B amplifier, Digidata 1400 digitizer, and pClamp 10 software (Molecular Devices). Peripheral blood mononuclear cells were isolated and loaded onto a prepared C1 small whole-genome amplification (WGA) microfluidic chip (Fluidigm Corporation), which performed lysis and whole-genome amplification on all viable cells. Computational simulations were conducted in a biophysically detailed 3D computational model of the heart calibrated to represent the size and geometry of the neonatal human ventricles, including representations of the Purkinje system and the muscle fiber orientation, using a validated software platform (19) (20) (21) . Additional details may be found in SI Methods and Figs. S1-S7.
All research presented here was conducted under the guidelines of the Declaration of Helsinki and was approved by the Stanford Administrative Panels for the Protection of Human Subjects. On behalf of themselves and their infant daughter, the parents provided written informed consent for participation in this study. The parents also received genetic counseling from genetic counselors and physicians regarding the risks and benefits of genome sequencing. In the written consent process (as a checkbox on the consent form) and verbally, the parents expressed a preference to abstain from the report of incidentally discovered genetic information regarding long-term risks of other diseases such as cancer, neurodegenerative disorders, or cardiovascular disease.
